The clean surface of Au(100) presents a complex reconstruction characterized by a hexagonal topmost layer. We report an angle-resolved photoemission study of the electronic structure of this surface, including an analysis of the Fermi surface, combined with structural information from low-energy electron diffraction and scanning tunneling microscopy. In the complex Fermi surface map found, we identify different contributions from the bulk bands, from interface states located below the hexagonal topmost layer, and from the hexagonal topmost layer itself. The electronic states related to this layer exhibit quasi-one-dimensional character, in agreement with the chain aspect of the reconstructed layer, as demonstrated by their dispersion, periodicity, and reciprocal space location.
I. INTRODUCTION
The most evident similarity between the clean Au, Pt, and Ir(100) reconstructed surfaces is the hexagonal symmetry of their topmost layer.
1 This is an intriguing property that has received ample attention, and different techniques have been applied in order to understand the structural properties of these surfaces, and in particular of the Au(100) reconstruction. [1] [2] [3] [4] [5] [6] [7] The mismatch between the topmost hexagonal layer and the substrate generates a strain that is released by lateral contraction and buckling of the hexagonal layer. The topmost hexagonal layer is highly modulated in the [110] direction, with a fivefold periodicity. In the [110] direction, there is a smooth modulation that leads to fringes with a chainlike structure and a much longer periodicity.
High-symmetry faces of noble metals present Shockley surface states, [8] [9] [10] related to the bulk sp band gap near the L point. An interesting question is how the Shockley surface state expected for the Au(100) bulk-terminated surface is affected by the reconstruction. In the case of Au(111), evidence was found that the reconstruction acts as a superlattice on the Shockley surface state, modulating its electronic density, 11 an indication that it is sensitive to surface modifications, such as reconstructions. High-resolution photoemission studies have found that it survives the reconstruction of the surface 10 and that it replicates with its periodicity. 12 This behavior leads to the formation of small gaps at the intersections of the original surface-state parabola and its replicas. In the case of Au(110), the (2 × 1) "missing row" reconstruction removes the analogous Shockley surface state by pushing it above the Fermi level. 13 Early work on Au(100) found a deeper surface band related to the reconstruction.
14 A structural analysis shows quasi-two-dimensional (2D) dislocations and strongly anisotropic diffusion of vacancies 15 on this surface, which proves a relative decoupling of the hexagonal overlayer from the underlying, square-symmetry bulk and lateral confinement in the fringes. It is an open question as to whether this behavior is extended to the electronic states.
On the other hand, the ability of gold to form chains has been observed in many experiments. 16, 17 Numerical simulations for atomic-size metallic nanowires confirmed the stability of these structures for Au, but did not find them in Ag. 18 Takeuchi et al. 19 have suggested that the role of 5d electrons is crucial for the formation of the Au reconstruction, contributing to the bonding and cohesion through hybridization with the sp band. As the reason for the formation of a 2D system in the reconstructed Au are the relativistic effects of the sp electrons, 19 it could also be the reason that explains the cohesion in a one-dimensional (1D) system since the consequences of these relativistic modifications in the metallic bonding would be even more pronounced for the one-dimensional chain structures. 16 Again, how these features are reflected in the electronic structure of the reconstructed surface is unknown.
In this paper, we set out to study the electronic structure of the clean reconstructed Au(100) surface and to determine how its complex structural properties affect the electronic states and their periodicity, and in particular how the topmost hexagonal layer and the bulk-terminated Au(100) surface contribute to the electronic structure.
II. EXPERIMENT
The experiments were performed in ultrahigh-vacuum (UHV) chambers with a base pressure in the low 10 −10 mbar range. The Au(100) sample was cleaned by repeated 600-1000 eV Ar ions sputtering and annealing cycles (∼600
• C) until a sharp low-energy electron diffraction (LEED) pattern was observed. Atomic resolution images were taken with a homemade scanning tunneling microscope (STM) operated with a commercial RHK STM-100 control electronics.
Angle-resolved photoemission spectroscopy (ARPES) experiments were performed in an UHV chamber located at the low-energy branch of the APE-IOM beamline, 20 equipped with a Scienta SES-2002 electron energy analyzer, and receiving synchrotron light from the Elettra storage ring (Trieste, Italy). The energy resolution was set to 60 meV and the angle resolution was 0.12
• . The quality of the surface was checked by measuring the surface state at the X point. Symmetry points are referred to the surface Brillouin zone (SBZ) of unreconstructed Au(100). Fermi surface mapping was performed at constant photon energy with a two-degreesof-freedom manipulator, i.e., theta and phi angles could be manipulated in an independent way. The surface and bulk bands were mapped in a window of approximately 0.6 eV below the Fermi energy. The polarization of the light was horizontal and coincided with the measuring plane. A k-space portion near the M point was mapped with higher resolution in order to probe the electronic states close to the Fermi energy.
III. RESULTS

A. Surface structure
The topmost layer of reconstructed Au(100) is of quasihexagonal symmetry, as described above. Although the structural distortion affects several layers underneath, it is much larger for the topmost hexagonal layer. 4, 5 The topmost hexagonal layer is highly modulated in the [110] direction, with a fivefold periodicity. In the [110] direction, there is a smooth modulation that leads to fringes with a chainlike structure, and a periodicity that varies with the material. In the cases of Au(100) and Pt(100) the reconstruction is usually called 6 Previous transmission electron microscopy results 7 gave a broader range of values (from 20 to 36), centered around 28. The hexagonal layer has been described as rotated by a small angle (∼0.7
• ), so that the coincidence lattice would be only approximate and the layer would be incommensurate. 4, 5, 7 In the case of Pt(100), both a rotated and a nonrotated reconstruction have been identified. We refer the reader to Ref. 21 for a recent overview of the energetics of Au(100) and Pt(100) reconstructions.
A STM image of the clean surface is shown in Fig. 1(a) . The characteristic reconstruction fringes, 14.4Å wide and running along compact 110 directions, are clearly seen. Six-atom rows of the top layer fit onto five-atom rows of the underlying substrate, as sketched in Fig. 1(b) . The LEED pattern of Fig. 1(d) shows not only the fivefold periodicity along [110] , but also the periodicity of the [110] modulation is reflected in the splitting of the 1/5, 2/5, 3/5, and 4/5 spots. Depending on the relative orientation of the hexagonal and square unit cells, reconstruction domains are possible. The fact that spots in one direction are more intense than in the perpendicular direction [ Fig. 1(d) ] reveals that the relative abundance of reconstruction domains is not the same. Although it is not shown in the image, reconstruction fringes run parallel to steps 15 and terrace widths accommodate an integer number of reconstruction fringes. Both facts raise the question of the apparent close relationship between reconstruction, steps direction, and terrace width.
B. Bulk-related electronic states
Contributions from the bulk sp of the substrate were identified in the Fermi surface map (FSM) of the reconstructed Au(100) at a photon energy hν = 41 eV [see Fig. 2(a) ]. This is the only accessible bulk band at the Fermi energy. In all figures, photoemission intensity is represented in a reversed gray scale, i.e., black corresponds to high photoelectron intensity. In −1 . Several effects contribute to this enhanced intensity. First, in some regions of the FS, the sp intensity is enhanced by nondirect transitions 23, 24 or by matrix-element effects and the same happens to the replicas. Second, the intensity of the replicas depends on the relative abundance of the reconstruction domains.
C. 2D surface electronic states
Also clearly identifiable in the FSM is the Shockley surface state expected for the bulk- energy plane. The substrate surface state is also affected by the topmost hexagonal layer potential and becomes likewise replicated due to Umklapp processes. Figure 2 (c) shows a BE versus k reversed gray scale representation along the [110] direction. As a reference, the theoretical sp bands and their replicas are superimposed in green. We have plotted in dashed lines the replicated sp states by the same procedure mentioned before, i.e., by shifting the original state in k along [110] by n × 2π/5a = n × 0.44Å −1 . The surface state and its replicas are also drawn in Fig. 2(b Fig. 2(c) the Shockley surface state around the X point (k = 1.09Å
−1 ) and its replica at +2π/13a can be easily identified. A closer look at the STM image of Fig. 1(c) reveals that the complex surface unit cell, described with a conventional 26-fold periodicity, indeed is close to a 13-fold periodic lattice, highlighted with blue circles. Therefore, we can infer that the surface potential affecting the outgoing electrons contains a stronger 13-fold periodicity (seen in the Shockley surface state replica) and a smaller 26-fold periodicity, related to the registry difference of the corrugation between adjacent atomic lines along the [110] direction.
It is worth to remark that the substrate Shockley surface state persists after reconstruction and becomes an "interface state." We consider in the following the nature of the Shockley surface state replicas in the Au(100) face. In the Au(111) face, the reconstruction only involves a change in stacking of half unit cell, and the surface state persists and replicates as an initial-state superlattice effect. In the Au(100) face, the Shockley surface state also survives the reconstruction, but to some extent it is electronically decoupled from the topmost hexagonal layer due to their different symmetry. Further studies should be made to elucidate whether the replicas of the Shockley surface state seen are an initial-or final-state superlattice effect, but the experimental behavior observed by us is similar to the behavior of the bulk sp bands, and thus there are no evidences supporting an initial-state origin for the replicas. There is still an all important issue to be considered, namely, whether there is any electronic state coming from the hexagonal topmost layer itself.
D. 1D electronic states
In Fig. 3 , constant energy maps are shown for a portion of reciprocal space covering two M points. At the Fermi level, the replicas of the bulk sp band and of the Shockley surface state, coming from the two perpendicular domains, can be distinguished and dominate the map. Two arrows point towards the replicas of the Shockley surface state contours in the −0.046-eV panel. With increasing BE, the characteristic Shockley surface state oval shrinks and eventually disappears [for 0.159 eV BE, consistent with the bottom of the Shockley surface state band as seen in Fig. 2(c) ].
For higher BE, along with intensity coming from the sp bulk band, there remain some linear, nondispersive (in k , for constant energy) features in the neighborhood of the absolute M-gap area, which appear as horizontal and vertical lines (see panel for 0.364-eV BE). These linear features can not be explained in terms of either the bulk sp states and their replicas (these states do disperse with k and have a wholly different shape, see also below) or the Shockley surface state (no electrons coming from this electronic state appear at 045426-3 these energies). The nondispersive character of these features and the linear troughs of the reconstruction pattern strongly suggest that the top layer behaves as a quasi-1D system. Indeed, were the electrons significantly confined within the reconstruction fringes [see Fig. 1(a) ], they should behave as quasifree electrons along the [110] direction, whereas confinement should lead to a monotonous, nondispersive BE versus k dependence along the perpendicular direction [110] . That a mild real-space corrugation, such as that of the Au(100) reconstruction fringes (≈0.3Å), can confine electrons, is nothing strange: vicinal Au(788) surfaces exhibit similar confinement properties within its 3.8-nm terraces. 25 A further insight into the behavior and nature of this electronic state never reported before is gained from the more detailed • measured from the [110] direction}, with BE ranging from slightly above the Fermi level to well below the bottom of the Shockley surface state band, is shown. Arrows highlight the Shockley surface state (for 0.056-eV BE) and the 1-D electronic states (for 0.581-eV BE). Again, there is a progressive shrinkage of the Shockley surface state oval on increasing the BE, readily seen in the first three panels, for BE < 0.131 eV. Once this disappears, for BE about 0.16 eV, the remaining linear, nondispersive features mentioned above are again clearly seen. Since the BE lies below the bottom of the Shockley surface state band, the photoelectron intensity of these linear features must then come from a state other than the Shockley surface state. The sets of horizontal and vertical lines are surely contributions from perpendicular reconstruction domains. Both sets are better distinguished in Fig. 3 than in Fig. 4 , probably due to the fact that different domains were present in more similar proportions in the sample of one experiment than in that of the other.
As mentioned above, a first idea about the origin of these electronic states is that they are due to backfolding of the bulk sp band by the surface reconstruction, as observed at the Fermi energy in Fig. 2 . A contour of the bulk sp band calculated using a tight-binding code is shown in one of the panels of Fig. 4 (for 0.656-eV BE). The substantial disagreement allows us to discard a bulk origin for the electronic states. Now, from the more detailed and wider data set shown in Fig. 4 , two revealing features can be observed: (a) there is a slight k corrugation, and (b) the linear features disperse with BE. The corrugation is to be expected in case the reconstruction fringes are not totally decoupled from each other. This is a more realistic description than the electronic independence and total electronic confinement, 25 which would call for a considerably high energy barrier between adjacent reconstruction fringes where the real-space corrugation is, as mentioned, of about 0.3Å. This behavior has also been observed in other systems, 26, 27 recognized as quasi-1D. An analysis of the energy dispersion of this hypothetical quasi-1D electronic state can shed light about its origin and nature. In Fig. 5(a) we plot the photoelectron intensity as a function of k x for several BEs. These curves have been obtained by making cuts at constant k y = 1.25Å −1 in the equipotential surfaces of Fig. 4 . In these curves, from four up to six maxima are observed. Cutting at different values of k y does not significantly alter the results due to the almost linear character of these states, save for the small corrugation mentioned before.
In Fig. 5(b) , the intensity maxima from Fig. 5(a) have been plotted as a function of BE. The experimental points are grouped in four X-shaped "branches." Since the intensities are rather faint, branches are not always complete and may appear with only one of the two symmetrical slopes. One dashed, red line is a linear fit to the data of one branch, while the other dashed lines are guides to the view. The average slope of the linear fits is 7.5 eVÅ −1 . The distance between any one line and the nearest parallel one is 0.5 × 0.168Å −1 = 0.084Å −1 = 2π/26a. This is far from being a happy coincidence. It rather is a further support to the existence of a quasi-1D electronic state that, alike the bulk 3D and the surface 2D electronic states, becomes replicated with the Fig. 1(a) ] enters in the replica scheme points also in the direction stated above: these quasi-1D states are linked to the 1D chainlike reconstruction fringes. And, more importantly, the presence of these quasi-1D states is an indication of significant lateral electronic confinement within the topmost hexagonal layer.
A scheme of the electronic energy in reciprocal space for such quasi-1D states is shown in Fig. 6 . A constant energy map of this electronic structure would show a straight line in k y for a fixed k x , which is precisely what is observed in Fig. 6(e) . The vertical and horizontal straight lines seen in Fig. 6 (e) suggest two orthogonal domains of this quasi-1D electronic state. Conversely, if we fix a constant k y value, cuts at different energies should exhibit a parabolic BE versus k x dispersion, as shown in Fig. 6(h) . This is what is observed in Fig. 5(b) . Dispersion is clearly seen, although we did not probe BEs high enough to get to the bottom of the band. The branches seen correspond to the 1D electronic state and its replicas, which can also be seen in Fig. 5(a) . Not surprisingly, the replicas can be reproduced by shifting the 1D state along [110] by 2π/26a, which is the long reconstruction period.
IV. DISCUSSION
We have shown that, in clean Au(100), both the sp bulk band and the Shockley surface state become replicated with the periodicity of the reconstruction. The reason is simple: outgoing photoelectrons undergo an Umklapp scattering, absorbing an extra momentum that is an integer multiple of the reciprocal lattice reconstruction-induced superperiodicity. According to this, we expect processes that satisfy k ,vac = k ,crystal + G, where G is a reciprocal lattice vector from the reconstructed surface. G can be either n × 2π/5a = n × 0.44Å −1 or n × 2π/26a = n × 0.084Å −1 , n being an integer, and a = 2.88Å the substrate surface square-cell size, as deduced from an analysis of the reconstructed unit cell. The fact that not all replicas are observed, and that their intensities are different, is related to matrix element effects (including photoelectron diffraction effects). 28 As such, they change with the photon energy used, so that tuning the photon energy enhances the intensity of some replicas and weakens others. We worked at the photon energy (41 eV) for which the intensity of the replica closest to the original Shockley surface state at 2π/13a was higher.
That surface-related superstructures diffract outgoing photoelectrons, which absorb extra momentum from the upper layers and are emitted in different directions, is well known and has been reported in a number of papers. For instance, it has been observed in transition-metal surfaces with adsorbed species such as Cl on Cu(111) (Ref. 29) or H on W(100). 30 In these heterogeneous systems, d electrons undergo Umklapp processes involving reciprocal vectors of the adsorbate lattice. In clean surfaces, a similar behavior to what we report here has been observed in graphene nanostripes grown on stepped Ni(111) surfaces, 31 terraces of stepped W(110) surfaces, 32 and densely stepped Au(111) surfaces. 33 In these, the step periodicity is responsible for the Umklapp process. Nevertheless, an Umklapp processes induced by surface reconstructions in homogeneous systems have never been reported before.
As for the quasi-1D electronic state, the first issue that arises is its origin. We have discarded that it is related both to the Shockley surface state and to a folding of the bulk sp band. We assign these electronic states to the reconstructed topmost layer itself, corresponding mostly to the one hexagonal atomic layer at the surface of the reconstructed Au(100) crystal, corrugated to improve the registry with the (100) substrate. Thus, these states would correspond to the sp electrons of the reconstructed layer. The ultimate driving-force for the reconstruction in 5d metals is the compression that forces the topmost layer to adopt a denser hexagonal packing, a compression that is apparently originated by a transfer of d electrons between the inner layers and the overlayer. The fine details and quantitative aspects of this charge transfer are still controversial. Fiorentini et al. 34 claimed that there is a d-charge depletion from the surface layer, whereas Annett Fig. 5 reveals that the different branches of the 1D states are very close to each other near the Fermi energy, so close that they may cross and open an energy band gap. We can only speculate about that, but if this were the case, the 26-fold periodicity would contribute to the energetic stability of the hexagonal topmost layer through a decrease of the electronic energy. This would suggest that the 1D electronic state could play an important role in promoting and stabilizing the reconstruction in Au(100).
That reconstruction and electron states are linked is proved by the fact that adsorption usually removes reconstruction. [36] [37] [38] [39] [40] This is surely due to a charge transfer from the surface into the adsorbed species that reverses the mechanism, electronic in origin, that triggers reconstruction. On the other hand, there are experimental 41 and theoretical 42 evidences that point that Au(100) reconstructed areas have a "magic width," a multiple of five substrate atom rows (14.4Å), the width of the reconstruction fringes of Fig. 1(a) . In Ref. 41 , Au islands grown on reconstructed Au(100) tend to show widths of 30Å or less, and lengths range from 100 to 150Å, figures that fit well with the reconstructed unit cell. Thus, five atom rows ×2.88Å = 14.4Å, so two reconstruction rows ≈30Å. The long reconstruction period is 26 × 2.88Å = 74.88Å, so two long periods ≈150Å, and one and a half long period ≈112Å. In disordered Au(100) or Pt(100) surfaces, with crossed steps, sometimes the reconstruction is lifted, leaving a (1 × 1) area surrounded by monoatomic steps (see Figs. 11 and 12 of Ref. 15 ). This resembles a frustration mechanism due to the impossibility of developing a preferential reconstruction domain since reconstruction direction is preferentially determined by steps direction, as experimental data seem to suggest. 15 From these experimental facts, it is tempting to argue that the 1D electronic state has its lowest energy for reconstruction fringes 14.4Å wide, and thus this "magic width" and its multiples lead to the maximum energy gain and the stabilization of the reconstruction. Detailed calculations would be needed to confirm this hypothesis.
V. CONCLUSIONS
We have studied the reconstructed Au(100) surface with ARPES, LEED, and STM. STM images show that the reconstruction can be described as a corrugated, compact hexagonal layer, with a periodicity of (5 × 26) in terms of the (1 × 1) bulk square lattice. In spite of this hexagonal topmost layer, the Shockley surface state persists below the reconstructed surface, an indication of symmetry decoupling between the electronic states of the bulk-terminated substrate and the overlayer. Both the bulk sp band and the Shockley surface state replicate with the reconstruction periodicity as a consequence of Umklapp processes. We conclude that the measured electronic structure is fully consistent with the atomic structure of a corrugated topmost hexagonal layer on a bulk-terminated substrate.
We have observed a 1D electronic state, associated with the reconstruction fringes. The existence of such a state is a consequence of the strong lateral confinement within these fringes, 14.4Å wide, and of the relative decoupling of the reconstructed layer from the bulklike, underneath structure of square symmetry. This 1D state also replicates with the reconstruction periodicity 2π/26a = 0.084Å −1 . We analyze the possible role of the 1D state in triggering and stabilizing the reconstruction, and in the uniform width of the reconstruction fringes and the fact that reconstruction patches mostly have an integer multiple of such fringes. To sum up, the rich electronic structure of reconstructed Au(100) contains three-dimensional, two-dimensional, and one-dimensional states and seems to be a suitable laboratory to test dimensionality effects and the interplay between surface and volume electronic structure.
